Many studies have shown that morphological diversity among homologous animal structures is generated by the homeotic (Hox) genes. However, the mechanisms through which Hox genes specify particular morphological features are not fully understood. We have addressed this issue by investigating how diverse sensory organ patterns are formed among the legs of the Drosophila melanogaster adult. The Drosophila adult has one pair of legs on each of its three thoracic segments (the T1-T3 segments). Although homologous, legs from different segments have distinct morphological features. Our focus is on the formation of diverse patterns of small mechanosensory bristles or microchaetae (mCs) among the legs. On T2 legs, the mCs are organized into a series of longitudinal rows (L-rows) precisely positioned along the leg circumference. The L-rows are observed on all three pairs of legs, but additional and novel pattern elements are found on T1 and T3 legs. For example, at specific positions on T1 and T3 legs, some mCs are organized into transverse rows (T-rows). Our studies indicate that the T-rows on T1 and T3 legs are established as a result of Hox gene modulation of the pathway for patterning the L-row mC bristles. Our findings suggest that the Hox genes, Sex combs reduced (Scr) and Ultrabithorax (Ubx), establish differential expression of the proneural gene achaete (ac) by modifying expression of the ac prepattern regulator, Delta (Dl), in T1 and T3 legs, respectively. This study identifies Dl as a potential link between Hox genes and the sensory organ patterning hierarchy, providing insight into the connection between Hox gene function and the formation of specific morphological features.
Introduction
Many animals have, as integral components of their body plans, groups of homologous but morphologically diverse structures, for example, vertebrate somites, forelimbs and hind limbs or insect segments and appendages, etc. How morphological diversity is generated among homologous animal body parts is a fundamental biological question. It is now generally accepted that the conserved homeotic genes, or Hox genes, function to establish varied patterns among homologous animal structures (reviewed by Gellon and McGinnis, 1998; Hughes and Kaufman, 2002; Lewis, 1978) . However, the molecular mechanisms through which the Hox genes specify morphology are not fully understood. We have addressed this issue by investigating the mechanisms underlying the formation of diverse sensory organ patterns among the homologous legs of the Drosophila adult.
The Drosophila adult bears three pairs of legs, one pair on each of its three thoracic segments (T1-T3). Although their morphologies are similar, the legs from different thoracic segments exhibit variations in size, shape and patterns of sensory bristles. Each leg consists of nine segments along the proximal/distal (P/D) axis, from proximal to distal: the coxa, trochanter, femur, tibia, basitarsus and four additional tarsal segments (Fristrom, 1993) . A striking feature of the Drosophila adult legs is the vast array of external sensory organs, which are components of the peripheral nervous system (PNS) and are arranged in precisely organized patterns on the cuticle that comprises the surface of adult flies. The most numerous of these sensory organs are the small mechanosensory microchaetae (mCs), which on the tibiae and tarsi of T2 legs are organized in a series of longitudinal rows (L-rows) found at precise positions along the leg circumference (Hannah-Alava, 1958; Held, 1995) . The same basic pattern is observed in T1 and T3 legs but these legs have, in addition, groups of lightly pigmented mCs arrayed in transverse rows (T-rows) that are oriented orthogonal to the L-rows. The T-row bristles are tightly packed within the rows, but the rows themselves are spaced at precise intervals (Hannah-Alava, 1958; Held, 1995) . These bristles are used by the fly as brushes for grooming its eyes, wings and other body surfaces (Vandervorst and Ghysen, 1980) . During Drosophila adult PNS development, expression of two redundant proneural genes, achaete (ac) and scute (sc), which encode bHLH transcription factors (Villares and Cabrera, 1987) , confers neural competence and marks the positions of future sensory organs (Cubas et al., 1991; Romani et al., 1989; Skeath and Carroll, 1991) . ac and sc are initially expressed within groups of cells, called proneural clusters or fields, at specific sites of the adult body wall and limb primordia. Expression of ac within the proneural fields is later refined, through lateral inhibition mediated by Delta (Dl)/Notch (N) signaling, to one or a few cells of the cluster, which will give rise to sensory organ precursor(s) (SOPs) (Cubas et al., 1991; Skeath and Carroll, 1991) .
Proper spatially defined proneural gene expression is essential for sensory organ patterning and has been extensively investigated during development of the dorsal mesothorax (the notum). Several types of sensory organs are found on the notum, including large mechanosensory bristles, or macrochaetae (MCs) and mCs. Similar to the legs, mCs on the notum are organized into longitudinal rows. Studies of notal sense organ development have largely focused on the notal MCs, which are less numerous and are specified earlier than the mCs and which are organized in stereotyped patterns. Patterning of notal MCs depends on the function of a group of prepattern genes that are expressed in distinct and partially overlapping domains and define proneural gene expression via activation and repression (reviewed by Calleja et al., 2002; GomezSkarmeta et al., 2003) .
We have a general understanding of the mechanisms that underlie the formation of the mC pattern on T2 legs. Our previous studies have shown that ac and sc are identically expressed in a dynamic pattern throughout the early stages of leg development (Orenic et al., 1993) . In the tarsi of mid-prepupal legs, ac is expressed in eight longitudinal stripes that comprise the proneural fields from which the mC SOPs will be selected. We have found that ac expression in the L-row proneural fields is established by two prepattern genes, hairy and Dl. The bHLH repressor, Hairy (Ohsako et al., 1994; Van Doren et al., 1994) , is expressed in four stripes, positioned between alternating pairs of ac stripes, defining by repression, four of eight ac-interstripe domains, termed the ''hairy-ON'' interstripes (Orenic et al., 1993) . The complementary set of ''hairy-OFF'' interstripes are defined by Dl/N signaling (Joshi et al., 2006) . We have observed that expression of the N ligand Dl is up-regulated in eight stripes that overlap the ac-expressing L-row mC proneural fields and that Dl-mediated signaling from cells in the L-row primordia leads to repression of ac expression within the hairy-OFF interstripes. These observations suggest a general model for patterning the L-rows in T2 legs that involves broad activation along the leg circumference of ac expression, which is spatially refined in response to a prepattern of repression, established by Hairy and Dl.
A role for Dl as a prepattern regulator was first described in development of notal mechanosensory mCs. In the notum, Dl, but not Hairy, establishes periodic ac expression in the mC primordia through repression of ac within all the interstripe domains (Parks et al., 1997; Simpson et al., 1999) . Hence, in both the leg and notum, Dl has an early role in patterning the mC bristles in addition to its later function in lateral inhibition. Curiously, this function for Dl as a prepattern regulator appears to be confined to patterning of mCs, since Dl function in regulation of proneural gene expression in the primordia of other sensory organs, such as the MCs, appears to be limited to refining ac expression during lateral inhibition (reviewed by Calleja et al., 2002; Gomez-Skarmeta et al., 2003) .
Knowledge of the general pathway for patterning of the T2 leg mCs, facilitates analysis of the mechanisms involved in generating differential mC patterns among the three pairs of legs. In this study, we have investigated the role of the Hox genes in modifying the leg sense organ patterning pathway. The Hox gene products, which comprise a conserved family of homeodomain transcription factors, function during Drosophila embryonic development to specify segmental identity (reviewed by Gellon and McGinnis, 1998; Hughes and Kaufman, 2002; Lewis, 1978) . In addition, they function post-embryonically in specifying the morphology of adult structures, such as the legs. The best-characterized role of Hox genes in legs is that of Antennapedia (Antp), which acts to suppress antennal formation in legs by repressing expression of genes that promote antennal development (Casares and Mann, 1998; Casares and Mann, 2001) . However, genetic studies also indicate that Hox genes are required for generation of differential morphologies among the three pairs of legs. Compromised function of the Sex combs reduced (Scr) Hox gene, for example, results in transformation of T1 legs to a T2 leg morphology, while another Hox gene, Ultrabithorax (Ubx), functions in T3 legs to prevent them from acquiring a T2 leg identity (Lewis et al., 1980; Struhl, 1982) . Scr is expressed throughout the T1 leg imaginal disc, but its levels are more pronounced in a ventro-lateral anterior compartment domain that includes the region from which the T-row bristles will form (Glicksman and Brower, 1988; LaJeunesse and Shearn, 1995) . Ubx is expressed in T2 and T3 leg imaginal discs, but expression levels are higher in T3 leg discs. Within T3 leg discs, Ubx levels are highest in the posterior compartment, where the T-row bristles arise (Brower, 1987; Pirrotta et al., 1995) .
An elegant study by Rozowski and Akam (2002) examined the role of Ubx in modifying the pattern of large mechanosensory bristles, or macrochaetae, on T3 legs. This study focused on the role of Ubx in suppressing development of two large mechanosensory bristles, which are found on T2 legs but not on T3 legs. In both cases, it was observed that the proneural clusters for these bristles are formed (although transiently for one of the bristles), indicating that Ubx functions after proneural cluster formation to suppress formation of these macrochaetae. Our studies, on the other hand, suggest that Scr and Ubx function to promote formation of the proneural fields for a specific group of bristles, the T-row mC bristles on T1 and T3 legs, via repression of Dl expression. We further find that high-level expression of Scr or Ubx in the T-row primordia is necessary and sufficient to establish differential expression of Dl in T1 or T3 legs, respectively. This suggests a model in which Hox gene modulation of the leg sensory organ prepattern underlies the diversity of bristle arrays observed among the Drosophila legs.
Results
The mC bristle pattern on wild-type Drosophila T1-T3 legs is shown in Fig. 1 . The diagrams in Fig. 1E -G depict the organization of L-row and T-row bristles, and their positions relative to the compartment boundary, on the basitarsi of T1-T3 legs (diagrams were adapted from Held (2002a) ). Also shown for reference, are the domains of hairy, wingless (wg), Scr and Ubx expression as observed in prepupal legs. The simplest sense organ pattern is found on T2 legs, on which the mCs are organized into L-rows along the circumference of the tarsi and tibiae (Fig. 1C and F) (Hannah-Alava, 1958; Held, 1995) . As mentioned, on T1 and T3 legs, a subset of mCs are organized into T-rows, within which lightly pigmented mCs are aligned directly adjacent to one another. The T-rows are oriented orthogonal to the L-rows and are positioned at regularly spaced intervals along the P/D axes of the legs. On T1 legs, T-rows are found on the basitarsi (ta1) and tibiae (ti) (Fig. 1A and B, arrows) . The T-rows of the T1 leg basitarsus are positioned between L-rows 7 and 8 ( Fig. 1A and B (arrows), E), in a ventro-lateral domain of the anterior compartment. In addition, on the T1 legs of males, the distal-most T-row is rotated to form a sex comb, which consists of a row of thick, heavily pigmented bristles (Fig. 1A, arrowhead (Tokunaga, 1962) ). The T-rows of the T3 leg basitarsus are found in a ventro-lateral domain of the posterior compartment, between L-rows 1 and 3, replacing L-row 2 and partially replacing L-row 1. (Fig. 1D (arrows) , G). T-rows are also observed on the tibiae and second tarsal segments (ta2) of T3 legs. 
Differential Ac and Dl expression underlies the diversity of leg bristle patterns
In order to gain insight into the mechanisms through which the T-rows are formed specifically on T1 and T3 legs, but not on T2 legs, we sought to visualize the T-row proneural fields by comparing Ac expression among the three pairs of legs. We reasoned that the T-row proneural fields would differ in shape as compared to the narrow longitudinal domains that comprise the L-row proneural fields. It has previously been reported that L-row mCs (Hartenstein and Posakony, 1990; Held, 1990) and T-row mCs (Held, L.I., personal communication) are specified between 6 and 12 h APF. Therefore, we examined Ac expression in prepupal legs at various stages beginning at 6 h APF. In T2 mid-prepupal legs (6 h APF), Ac is expressed in narrow longitudinal stripes all along the circumference (Orenic et al., 1993) of the tarsi and tibiae ( Fig. 2C and C 0 ). In mid-prepupal T1 legs, Ac is also expressed in longitudinal stripes along much of the tarsal and tibial circumference, but in addition, a broad rectangular domain of Ac expression was observed in the ventral basitarsi ( Fig. 2A, ta1, arrow) . In the distal half of the ventral tibia, Ac was expressed in a swath of cells shaped like a chevron, which is reminiscent of the formation of T-rows in the adult tibia ( Fig. 2A, ti, arrow) . Similarly, a broad stripe Comparison of Ac (anti-Ac, green in A and A 00 ) and Delta expression (anti-Delta, red in A 0 and A 00 ) in a T1 prepupal leg dissected at 6 h APF. Ac is expressed in broad ventro-lateral domains (arrows) in the tibiae (ti) and basitarsi (ta1) of T1 prepupal legs (A and A 00 ). The position and timing of Ac expression in these domains suggest that they correspond to the T-row primordia. Dl expression is down-regulated in broad regions of the tibia and basitarsus that span the putative T-row primordia (A 0 -A 00 ). of Ac expression is observed in the ventral basitarsi of T3 prepupal legs (Fig. 2B , arrow). These broad domains of Ac expression on T1 and T3 prepupal legs roughly correspond to the positions at which T-row bristles are observed in the adult ( Fig. 1 ) and similar domains of Ac expression are never observed in T2 prepupal legs ( Fig. 2C and C 0 ). The timing, location and shape of the broad zones of Ac expression on T1 and T3 prepupal legs suggested that they might correspond to the T-row proneural fields.
Differential ac expression in T1 and T3 prepupal legs might be established via direct regulation of ac or, alternatively, by altered expression or function of the prepattern genes, hairy and/or Dl, which define ac expression in the mC proneural fields. To determine whether altered expression of prepattern regulators underlies the variations in Ac expression among the three pairs of legs, expression of Dl and Hairy was monitored in T1-T3 prepupal legs dissected at 6 h APF. We did not observe obvious differences in Hairy expression among the three pairs of legs (not shown); however, there were pronounced differences in Dl expression. Significantly, we find that in T1 ( Fig. 2A -A 00 ) and T3 prepupal legs ( Fig. 2B -B 00 ), Dl expression is down-regulated in regions overlapping the putative T-row primordia defined by the broad zones of Ac expression. In contrast, as mentioned earlier, Dl and Ac expression overlap in the L-row proneural fields ( Fig. 2A-B 00 , arrowheads). The down-regulation of Dl expression in the putative Trow primordia suggests that the novel patterns of Ac expression in T1 and T3 legs are due to differential Dl expression. Presumably, as a result of reduced Dl levels there is little or no N signaling within the putative T-row primordia, allowing expression of Ac throughout most of this region. Consistent with this hypothesis, we observe absence of N signaling within the T-row primordia of T1 and T3 prepupal legs. N-signaling was visualized by assaying expression of a N-responsive reporter, Gbe+Su(H)m8-lacZ (Furriols and Bray, 2001 ), which accurately reports N signaling during wing and leg development (Furriols and Bray, 2001; Joshi et al., 2006) . We find that, in both T1 and T3 legs, N signaling is activated in narrow stripes directly adjacent to the Dl stripes flanking the putative T-row primordia ( Fig. 3A-B 00 ). In addition, comparison Fig. 3 . Dl/N signaling is not activated within the T-row primordial (A-A 00 ) Comparison of Dl (anti-Dl, green in A and A 00 ) and Gbe+Su(H)m8-lacZ expression (anti-b-Gal, red in A 0 and A 00 ) in the basitarsal segment of a T1 prepupal leg dissected at 6 h APF. The arrows in panels A and A 00 indicate Dl stripes on either side of the putative T-row primordia. Arrowheads indicate Gbe+Su(H)m8-lacZ stripes adjacent to the T-row primordia. (arrowheads in A 0 -A 00 ). (B-B 00 ) Comparison of Dl (anti-Dl, green in B and B 00 ) and Gbe+Su(H)m8-lacZ expression (anti-b-Gal, red in B 0 and B 00 ) in the basitarsal segment of a T3 prepupal leg dissected at 6 h APF. The arrows in panels B and B 00 indicate Dl stripes on either side of the putative T-row primordia. Gbe+Su(H)m8-lacZ is expressed in narrow stripes directly adjacent to the Dl stripes (arrowheads in B 0 -B 00 ). The inset in panel B 0 shows a magnified view of a portion a Gbe+Su(H)m8-lacZ stripe (boxed region). In panels A-B 00 , note that expression of Gbe+Su(H)m8-lacZ, a reporter for N-signaling, is limited to narrow stripes directly adjacent to the Dl stripes. (C-C 00 ) Comparison of Ac (anti-Ac, green in C and C 00 ) and Gbe+Su(H)m8-lacZ expression (anti-b-Gal, red in C 0 and C 00 ) in the basitarsal segment of a T1 prepupal leg dissected at 6 h APF. The arrows in panels C and C 00 indicate Ac expression in the putative T-row primordia. Gbe+Su(H)m8-lacZ is expressed in stripes adjacent to the Ac expression in the putative T-row primordia (arrowhead in of Gbe + Su(H)m8-lacZ and Ac expression shows that N signaling is not activated within the putative T-row primordia ( Fig. 3C-D 00 ). In T1 legs, Ac expression extends up to the Gbe + Su(H)m8-lacZ stripes ( Fig. 3C -C 00 ), suggesting that Dl/N signaling defines the boundaries of Ac expression in the T-row primordia. In T3 legs, the gaps between Ac expression and the Gbe + Su(H)m8-lacZ stripes (Fig. 3 D-D 00 ) are likely defined by Hairy, which is expressed on either side of the T-row primordia (see Fig. 1 ). We also observe that in prepupal legs, Ac expression fills the center of many large clones lacking Dl function ( Fig. 4A-C, arrows) . This is consistent with our previous finding that in legs with reduced Dl function, proneural Ac expression expands along the leg circumference within all except Hairy-expressing cells (Joshi et al., 2006) . In Dl clones, Ac expression does not always extend to the boundary of the clone, likely due to Dl signaling from wild-type cells adjacent to the clone. In addition, Ac expression is interrupted in some clones, likely due to repressive influences, from Hairy and factors at the segmental joints of the legs (Note in Fig. 2C 0 that Ac expression is not expressed near the leg joints (arrowheads)).
Scr and Ubx expression is up-regulated in the T-row proneural fields
We next addressed the question of how differential Dl expression might be established in T1 and T3 legs. Since Scr and Ubx are Hox genes known to be required for T1 and T3 segmental identity (Lewis et al., 1980; Struhl, 1982) , respectively, we examined their expression in prepupal legs. It has previously been reported that Scr is uniformly distributed in T1 leg imaginal discs, with a region of up-regulation thought to correspond to the T-row and sex comb primordia (Glicksman and Brower, 1988; LaJeunesse and Shearn, 1995) . Therefore, we examined Scr expression in prepupal legs at various stages after puparium formation. As has been shown for earlier stages of leg development, there is low-level Scr expression throughout prepupal legs, but expression is significantly higher in the ventral tibiae and basitarsi ( Fig. 5A (green), C 0 (red)). To more precisely determine where Scr expression is upregulated, Scr and wingless-lacZ (wg-lacZ) expression were compared. wg-lacZ is expressed in a ventral stripe just anterior to the compartment boundary of leg imaginal discs (Baker, 1988 ) (see Fig. 1 ). We observe that the domain of high-level Scr expression is positioned just anterior to and partially overlapping wg-lacZ expression (Fig. 5A) , corresponding to the region of the leg in which T-row bristles are formed (Fig. 1E) . Comparison of Scr and Dl expression shows that, strikingly, the domain of Scr up-regulation correlates almost precisely with the region in which Dl expression is down-regulated ( Fig. 5C-C 00 ). This observation supports the hypothesis that the broad zones of cells in the T1 leg tibia and basitarsus that express Ac but not Dl, correspond to the T-row primordia.
To confirm that the domains of Scr up-regulated expression in T1 prepupal legs, correspond to the T-row primordia, Scr and scabrous-Gal4-GFP (Hinz et al., 1994) expression were compared in pupal legs dissected between 21 and 24 h APF. scabrous (sca) is an ac/sc target gene that is initially expressed in proneural clusters, but its expression later becomes refined to the SOP (Mlodzik et al., 1990) . Comparison of Scr and sca-Gal4-GFP expression, confirmed that up-regulated Scr expression does indeed correspond to the T-row primordia ( Fig. 5E-E 0 ). scaGal4-GFP marks both the L-row (arrowheads in Fig. 5E 0 ) and T-row (arrows in Fig. 5E 0 ) SOPs. Note in Fig. 5E 0 , that the T-row SOPs are within the domain of high-level Scr expression, while the L-row SOPs are found in a region of reduced Scr expression.
As previously shown for larval leg imaginal discs (Brower, 1987; Pirrotta et al., 1995) , Ubx is expressed throughout T3 prepupal legs, but its expression is up-regulated in a wide domain of cells directly adjacent to and posterior to wg-lacZ expression (Fig. 5B) , corresponding to the (A-C) Expression of Ac (anti-Ac, red in A,C) in clones lacking Dl function was examined in a prepupal leg dissected at 6 h APF (distal is left and ventral is up). Clones (outlined in white) are marked by lack of GFP expression (green in B,C). Ac expression expands to fill the center of large Dl À clones (arrows). Ectopic Ac expression does not always extend to the boundary of the clone, likely due to Dl signaling from wildtype cells adjacent to the clone. Also, repressive influences, at the segmental joints and from Hairy, likely prevent or interrupt Ac expression in some clones.
region in which T-rows are formed in adult T3 legs. Similar to the observation with Scr in T1 prepupal legs, in T3 prepupal legs, Dl expression is very low in cells that express high levels of Ubx (Fig. 5D-D 00 ). However, this correlation is observed in legs older than 5 h AFP. In younger legs, there is extensive overlap between Dl expression and high-level Ubx expression (not shown). Combined, these observations provide strong support for the premise that the T-row proneural fields in T1 and T3 legs are defined by broad domains of Ac-expressing cells, established as a result of modulated Dl expression in these legs.
Scr and Ubx repress Dl expression in the T-row proneural fields
The observation that Dl expression is much reduced in cells that express high levels of either Scr or Ubx, suggests that Scr and/or Ubx might repress Dl expression in the T-row primordia. To test this proposal, Dl expression was monitored in somatic clones lacking either Scr or Ubx function. Clones lacking Scr or Ubx function were generated by FLP/FRT mediated mitotic recombination (Xu and Rubin, 1993) and were marked by either loss of Comparison of Scr (anti-Scr, red in E and E 0 ) and sca-Gal4-GFP expression (green in E 0 ) in a T1 pupal leg dissected at 24 h APF. sca-Gal4-GFP expression in the T-row SOPs is observed in the tibia and basitarsus (arrows in E 0 point to two rows each in the tibia and basitarsus) and is within the domain of high-level Scr expression. In the basitarsus three L-rows (arrowheads in E 0 designate first SOP of each L-row) can be seen outside or just at the edge of the domains of Scr up-regulation.
Scr or Ubx expression. We find that in the T1 T-row primordia (marked by high-level Scr expression), clones lacking Scr function exhibited ectopic Dl expression (Fig. 6A-A  00 ) . Similarly, in the T-row proneural fields of T3 prepupal legs, ectopic Dl expression was observed in clones with compromised Ubx function. (Fig. 6B-B  00 ). Dl expression was also assayed in prepupal legs heterozygous for hypomorphic alleles of Scr, Scr
EdK6 and Scr EfW22 . T1 legs from Scr EdK6 /Scr EfW22 adults exhibit strong transformation toward a T2 morphology, including loss of T-rows ( Fig. 6C and Table 1 ) and sex combs (Lewis et al., 1980) . In Scr EdK6 /Scr EfW22 prepupal legs, Scr expression is elevated in domains of the tarsi and tibiae that in wild type T1 legs correspond to the T-row primordia, but expression in these domains is patchy and weaker than observed in wild type legs (Fig. 6D 0 ), This suggests that the loss of T-rows in adult legs may due to reduced Scr expression within the T-row primordia. Consistent with our observations in clones lacking Scr function, we find that Dl is ectopically expressed in two stripes that overlap the domain of up-regulated Scr expression, a condition that is not observed in wild type legs (compare Fig. 5C -C 00 and 6D-D 00 ). To determine if Scr or Ubx function is sufficient for Dl repression, the UAS/Gal4 system was employed to direct ectopic high-level Scr and Ubx expression in prepupal legs. UAS-Scr (Andrew et al., 1994) and UAS-Ubx (Rozowski and Akam, 2002) were expressed under the control of rotund-Gal4 (rn-Gal4) (St Pierre et al., 2002) , which directs expression Gal4 expression from the distal half of the basitarsus through the proximal half of the fifth (the distalmost) tarsal segment. We find that ectopic high-level expression of either Scr (Fig. 7A-A 00 ) or Ubx (Fig. 7B-B 00 ) results in greatly reduced Dl expression throughout the rn-Gal4 expression domain. In some prepupal legs, however, it appears that Dl expression is not completely repressed in cells expressing either Scr or Ubx. Some of the residual Dl expression is likely due to heterogeneous expression directed by the rn-Gal4 driver. Another potential explanation for incomplete repression of Dl in legs ectopically expressing high levels of Scr or Ubx is based on the observation that Dl is expressed in a complex pattern throughout leg development. In addition to the longitudinal stripes of Dl expression in prepupal legs, Dl is expressed in rings at the distal end of each leg segment, in early leg development, and is required for joint formation (Bishop et al., 1999; de Celis et al., 1998; Rauskolb and Irvine, 1999) . Hence, it is possible that Scr and Ubx repress activity of cis-regulatory elements that direct expression of Dl in the longitudinal stripes but not those that direct Dl expression near the leg joints. Consistent with this suggestion, we observe that Dl expression at the joints can overlap the domain of high-level Scr expression (see Fig. 5C -C 00 , arrowhead). Together, the results of loss and gain of experiments are consistent with the hypothesis that when expressed at high levels, Scr and Ubx repress Dl expression within T-row primordia of T1 and T3 legs.
Scr and Ubx function in T-row fate specification
As mentioned, loss of Scr or Ubx function results in transformation of T1 and T3 legs toward a T2 fate ( Lewis et al., 1980; Struhl, 1982) . To determine whether high-level expression of Scr or Ubx function is sufficient to specify a T-row fate, we examined the phenotypic effects of ectopic Scr and Ubx expression in adult legs. Expression of Scr under the control of rn-Gal4, results in truncation of adult legs and loss of most tarsal segments, except the basitarsus and part of the fifth tarsal segment. In the distal basitarsi of T2 and T3 legs, Scr expression induced formation of ectopic T-rows in all animals examined (Table 1 and Fig. 8E -H, compare to wild type legs in Fig. 8A-D) . In addition, consistent with a previous report (Barmina et al., 2005) , ectopic sex combs bristles were observed in addition to T-rows (Table 1 and Fig. 8E and G). On T3 legs, ectopic T-rows were observed anterior to those normally present in wildtype legs. Curiously, ectopic formation of T-rows, which are fairly well-organized, and sex combs in T2 legs appears to be consistently confined to a ventro-lateral region of the anterior compartment, corresponding to the position at which T-rows are normally found on T1 legs. Hence, although expression of Scr under the control of rn-Gal4 represses Dl expression all along the leg circumference (Fig. 7A -A 00 ), T-rows are formed only at defined domains along the leg circumference. It is unlikely that the restricted domain of ectopic T-row formation is due to heterogeneity of the rn-Gal4 driver n = number of legs counted; T-rows, complete is defined as P5 closely packed bristles (sex combs were not included in the T-row count); T-rows, partial: 2-4 closely packed bristles; sex comb is defined as 5 or more sex comb bristles in tandem (number in parentheses indicates total number of sex-comb like bristles, whether arranged as sex combs or not). All T-row and sex comb counts were done on the basitarsus, with the exception of Scr EdK6 /Scr EfW22 legs, on which T-rows were also counted on the tibia. because this phenotype was consistently observed. Similarly, we find that ectopic expression of Ubx gives rise to T-rows in a posterior ventro-lateral region of all T1 and T2 legs examined, where they would normally form on T3 legs (Table 1 and Fig. 8I-K) . In addition, we find that ectopic Ubx expression appears to suppress formation of sex combs on T1 legs (Fig. 8I and J) . These findings are consistent with loss of function studies indicating that Scr and Ubx function in T-row fate specification, but suggest that Scr and Ubx function might function in conjunction with other factors to direct formation of T-rows.
Discussion

Scr and Ubx modulate the leg mechanosensory microchaete prepattern
In this study, we have sought to elucidate the mechanisms through which morphological diversity is generated among the Drosophila legs. We find that formation of T-rows, pattern elements specific to T1 and T3 legs, occurs through modulation of a common pathway utilized in all legs to pattern the L-row mC bristles. Our previous studies have uncovered a pathway for patterning the leg L-row mCs (Fig. 9A , all legs) that involves broad and late activation of ac expression along the leg circumference. ac expression is spatially defined into the longitudinal stripes that comprise the L-row primordia in response to a prepattern of repression, established by Hairy and Dl (Joshi et al., 2006; Orenic et al., 1993) .
We propose that T-rows are formed on T1 and T3 legs in response to Scr or Ubx alteration of the L-row prepattern via repression of Dl expression (Fig. 9A) . As summarized in Fig. 9C , Dl is expressed in narrow longitudinal stripes that correspond to the L-row primordia. Dl-expressing cells in the L-row primordia signal to adjacent cells to activate N signaling and repress ac expression in the hairy-OFF interstripes and in one hairy-ON interstripe, between the L-row 1 and 8 proneural fields (Joshi et al., 2006) . We suggest that in T1 and T3 legs, reduction of Dl expression in cells with high-levels of Scr or Ubx establishes a zone where there is no repressive influence on ac expression, resulting in expression of Ac in broad domains from which the T-row precursors will be selected ( Fig. 9B  and D) . Cells in the center of T-row primordia are presumably out of range of the Dl signaling that takes place at the interface of Dl-expressing and Dl-non-expressing cells. As shown in Fig. 9B , the anterior and posterior boundaries of Ac expression in the T-row primordia of T1 prepupal legs are likely established by Dl/N signaling. In T3 legs, on the other hand, it appears that Hairy rather than Dl/N signaling establishes the boundaries of ac on either side of the T-row primordia (Fig. 9D) . Reduced Dl expression in the T-row primordia of T3 legs, however, is likely required to establish a broader domain of Ac expression than would be observed in the corresponding domain of T2 legs.
A key feature of the model for mC patterning depicted in Fig. 9 is that position-specific expression of ac expression In all panels a ventral view of the distal basitarsus of the leg is shown; anterior is to the left and distal is down. In a T1 male leg (A), several T-rows (arrows) and a sex comb (arrowhead) are visible in antero-ventral region (Bar = 20 lm). T-rows are also observed in a T1 female leg (B, arrows), but not in T2 legs (C). In T3 legs, T-rows are found a postero-ventral region (D, arrows). (E-H) Adult legs in which Scr was expressed under the control of rn-Gal4. In a T2 male leg (E), ectopic expression of Scr induces formation of T-rows (black arrow) and sex combs (arrowhead), while only T-rows are observed in T2 female legs (F). In male (G) and female (H) T3 legs, ectopic T-rows (black arrows) are formed anteriorly, adjacent to the posterior T-rows (white arrows) normally found on T3 legs. Black bars in panels G and H designate the positions of anterior (to the left of bars) and posterior (to the right of bars) T-rows. Note that the endogenous posterior T-rows in the T3 leg extend more proximally than ectopic anterior T-rows. Sex comb bristles (arrowhead) are also observed in T3 male legs (G). Sex comb-like bristles on T3 legs were more disorganized than on T2 legs, on which they were often arranged in rows (see Table 1 ). Note in E-H, that ectopic T-rows and sex combs are found in the approximate positions that they would be observed in T1 legs. (I-K) Adult legs in which Ubx was expressed under the control of rn-Gal4. Panels I and J represent the anterior and posterior regions, respectively, of the same leg. Ectopic T-rows are observed in posteriorly in T1 legs (J, black arrows). Note absence of endogenous sex combs in the T1 leg of the male, formation of which is presumably suppressed by high level Ubx. In a male T2 leg, ectopic T-rows (black arrows) are found posteriorly (K), approximately where they would normally be observed on T3 legs. Note that endogenous anterior T-rows on T1 legs extend more proximally than the ectopic posterior T-rows. in the mC proneural fields is established mainly by repression and that differential mC patterns are generated by altering expression or function of the repressive factors, Hairy and/or Dl. We suggest that altered Dl expression is required in order to reduce N signaling, which allows proneural gene expression within the T-row primordia. An alternative hypothesis is that Dl function in during leg mC development is limited to selection of SOPs via lateral inhibition and that regulation of Dl by Scr/Ubx alters lateral inhibition within the T-row proneural fields. However, the hypothesis that Scr/Ubx regulation of Dl alters the proneural prepattern is supported by several observations. A prepattern function for Dl in mC patterning has been previously demonstrated in the notum (Parks et al., 1997) . Similarly, in a previous study, we have observed that in prepupal legs with reduced Dl function, proneural Ac Proper patterning of the mC bristles requires spatially defined expression of Ac in the mC primordia of prepupal legs. In T1-T3 legs, Ac expression in the L-row primordia is established in response to the prepattern regulators Hairy and Delta. hairy integration of Hh, Dpp and Wg signaling information, results in its position-specific expression in four ac-interstripe domains. (The hh, dpp and wg genes are referred to as the ''circumferential patterning genes''). Periodic Dl expression is regulated by Hairy and also likely by the circumferential patterning genes. In T1 and T3 legs, Scr and Ubx respectively repress expression of the prepattern gene Dl, resulting in reduced N signaling and, consequently, Ac expression in the T-row proneural fields. This process requires high-level Scr and Ubx expression in specific regions of T1 and T3 legs, which we propose is established in response to the leg circumferential and P/D patterning genes. This would suggest that Scr and Ubx act as links between global regulators of leg patterning and the mC sensory organ patterning pathway. (B-D) Down-regulation of Dl expression is a prerequisite for formation of the T-row proneural fields. The narrow green or purple bars represent Dl expressing (green) or Dl + Ac expressing (purple) L-row primordia in the T1-T3 basitarsi. Five L-rows are shown for each leg, and N activation (N * ) and Hairy (H) expression in their corresponding interstripe domains are shown. Anterior is to the left in all panels. (B) In T1 prepupal legs, Scr downregulates Dl expression in a broad domain between L-rows 7 and 8, resulting in Ac expression in a wide stripe (pink rectangles) that defines the T-row proneural fields. The anterior and posterior extents of the T-row primordia are established by Dl/N signaling. (C) In T2 legs, Dl is expressed in narrow longitudinal stripes, corresponding to the L-row primordia, all along the leg circumference. We have previously observed that in the basitarsi of T2 legs, Dl activates N signaling in the hairy-OFF interstripes and in one hairy-ON interstripe (between L-rows 1 and 8), and together with Hairy establishes the narrow L-row proneural fields. (D) In T3 legs, down-regulation of Dl expression in response to Ubx allows expression of Ac in the T-row primordia. The T-rows of T3 legs replace L-row 2 and partially replace L-row 1. In this diagram, complete replacement of both L-rows 1 and 2 is depicted for the sake of simplicity. The anterior and posterior boundary of the T3 T-row primordia is established by Dl/N signaling and Hairy. expression expands along the leg circumference and is excluded only from Hairy-expressing cells (Joshi et al., 2006) . Furthermore, in Fig. 3 , we show that, in prepupal legs, proneural Ac expression fills the center of large clones lacking Dl function. We also observe that N signaling is activated only in narrow stripes on either side, but not within the T-row proneural fields (Fig. 3) . Our genetic observations are substantiated by analysis of an enhancer that directs ac expression in both the L-row and T-row proneural fields (Joshi and Orenic, unpublished) . This enhancer consists of an activation element that directs uniform expression of ac along the leg circumference and two associated repression elements, one that is N-responsive and another that is Hairy-responsive. This is consistent with genetic studies suggesting that in the absence of repressive influences from Hairy and Dl, proneural ac expression would be uniformly along the leg circumference. Combined, these observations suggest that the mC patterning pathway is modified upstream of proneural gene expression by establishment of differential Dl expression in legs from different thoracic segments.
The finding that Dl expression is down-regulated in the T-row primordia ( Fig. 9B and D) , does not necessarily imply that Dl expression is incompatible with mC formation. That this is not the case is suggested by the observation that Dl is expressed in the L-row primordia ( Fig. 2A-B 00 ). Previous studies in a number of tissues have shown that high-level N-ligand expression renders cells non-responsive to N signaling (Doherty et al., 1996; Jacobsen et al., 1998; Klein et al., 1997; Micchelli et al., 1997) . Hence, it appears that Dl/N signaling at the boundary of Dl-expressing and Dl-non-expressing cells, not Dl expression per se, that is incompatible with mC development.
Many studies have made clear the importance of establishing spatially defined proneural gene expression, largely via transcriptional regulation, for patterning of both the vertebrate and invertebrate nervous system. For example, it has been shown that ectopic proneural gene expression causes disruption of the sense organ pattern in adults (Cubas et al., 1991; Cubas and Modolell, 1992; Skeath and Carroll, 1991) . In the leg, compromised hairy function results in ectopic proneural ac expression and disorganization of the adult mC pattern, including formation of extranumerary mCs (Orenic et al., 1993) . However, other studies have implicated post-transcriptional regulation of proneural gene function in neural patterning. This was suggested by a study by Rodriguez et al. (1990) , which showed that generalized and transient sc expression in a background devoid of ac and sc function, results in an almost normal sense organ pattern in adult flies. Subsequent studies in the notum provided an explanation for this observation by identification of the Extra macrochaetae (Emc) protein as a post-transcriptional regulator of proneural gene function. Emc, an HLH protein that lacks a basic DNA binding domain (Ellis et al., 1990; Garrell and Modolell, 1990) , binds proneural bHLH proteins, such as Ac, and inhibits their activity (Cabrera et al., 1994; Martinez et al., 1993; Van Doren et al., 1991) . In the notum, emc is expressed in a complex pattern that partially overlaps proneural gene expression, and it appears that SOPs are selected from cells with the lowest levels of Emc (Cubas and Modolell, 1992; Van Doren et al., 1992) . This would suggest that on the notum, competence to acquire a neural fate depends on the balance of proneural protein to Emc levels. It is probable that similar mechanisms function in leg mC patterning as well, since largely normal sense organ patterns were found in legs ubiquitously expressing Sc (Rodriguez et al., 1990) . These observations indicate that sense organ patterning is a complex process that involves regulation of both proneural gene expression and function. Hence, it would be of interest to assess the relative contribution of post-transcriptional regulation of proneural gene function on leg mC patterning.
Scr and Ubx function are necessary but likely not sufficient to specify a T-row fate
As outlined in Fig. 9 , we propose that T-row mCs are selected from domains of up-regulated Scr or Ubx expression and that one essential function for Scr and Ubx in T-row development is repression of Dl expression. This proposal is supported by several lines of evidence. The requirement of Scr and Ubx in T-row formation was suggested by prior reports that loss of Scr or Ubx function results in transformation of T1 or T3 legs, respectively, toward a T2 fate. In this study, we show that adult legs heterozygous for reduced function alleles of Scr (Scr EdK6 / Scr EfW22 ) exhibit almost complete loss of T-rows in the adult. Moreover, we find that ectopic expression of Scr or Ubx induces T-row formation on T2 legs, on which Trows are never normally observed. We also show that the domains of elevated Scr and Ubx expression in T1 and T3 prepupal legs correspond to the respective positions of T-rows in adult T1 and T3 legs. Furthermore, comparison of Scr expression to that of an SOP marker, sca-Gal4, shows that T-row mCs are selected from groups of cells that express high-level Scr on T1 legs.
We also provide strong evidence that Scr and Ubx repress Dl expression in the T-row primordia. First, we observe a correlation between up-regulated Scr and Ubx expression and domains of reduced Dl expression. Second, loss and gain of function studies indicate that Scr and Ubx negatively regulate Dl expression. In Scr EdK6 /Scr EfW22 , prepupal legs, Dl is expressed in two longitudinal stripes overlapping the region of high-level Scr expression, whereas in wild type legs Dl stripes flank but do not overlap this domain. In addition, Dl is ectopically expressed in either Scr or Ubx loss of function clones within the T-row primordia. Consistent with loss of function results, we find that ectopic high-level expression of Scr or Ubx results in repression of Dl expression.
Taken together, our observations suggest a function for Scr and Ubx in specification of a T-row fate. However, the finding that the formation of T-rows in response to ectopic Scr or Ubx is confined to ventro-lateral regions along the circumference implies that there may be other positional cues, in addition to elevated Scr or Ubx expression, that are required for T-row specification. Hence, it is plausible that these genes function combinatorially with other factors to induce T-row formation. Wg, for example, is a good candidate since it is expressed in ventro-lateral regions of the leg (Baker, 1988) and is known to specify ventral leg cell fates (Couso et al., 1993; Held et al., 1994) . In addition, ectopic Wg expression results in expansion of T-row bristles in T1 legs (Wilder and Perrimon, 1995) . It is also plausible that, in addition to or instead of T-row promoting factors in ventro-lateral leg regions, there are factors outside these domains that inhibit T-row formation.
The leg microchaete patterning hierarchy
Our studies have elucidated a general pathway for leg mC patterning (Fig. 9A ) in which an early event is establishment of position-specific expression of the prepattern genes hairy and Delta, presumably in response to the global regulators of limb patterning. We have investigated the spatial regulation of hairy expression during leg development and have determined that hairy expression is controlled by modular enhancer elements that integrate patterning information provided by the signaling molecules known to pattern the leg along its circumference, Hedgehog (Hh), Decapentaplegic (Dpp) and Wingless (Wg) (Hays et al., 1999; Kwon et al., 2004) . Periodic Dl expression is partially established by Hairy. However, it is likely that Dl expression in the mC proneural fields is also regulated, like hairy, by genes that pattern the leg along the circumference (circumferential patterning genes), such as hh, dpp and wg.
As shown, up-regulated expression of Scr and Ubx at specific positions along the circumference and P/D axis of T1 and T3 prepupal legs is key to generating the T-row pattern, raising the question of how Scr and Ubx expression in the T-row primordia is regulated. We propose (Fig. 9A ) that Scr and Ubx expression is controlled by the circumferential patterning genes and genes that pattern the leg along the P/D axis (P/D patterning genes). For example, Scr and/or Ubx expression might be regulated by Wg, which is known to specify ventral leg identity (Couso et al., 1993; Held et al., 1994) and patterns the ventral leg along the A/P axis in a concentration dependent manner (Struhl and Basler, 1993; Zecca et al., 1996) . Along the P/D axis, a number of genes, such as Distal-less and dachshund (Cohen et al., 1989; Mardon et al., 1994) , are expressed in defined and partially overlapping domains and might function to define the extent of up-regulated Scr and/or Ubx expression (reviewed by Galindo and Couso, 2000; Kojima, 2004) . This model would suggest that circumferential and P/D patterning information is integrated by Scr and Ubx, implying that these Hox genes link the global regulators of leg development to local acting genes, such as ac, that specify a neural fate.
Additional roles for Scr and Ubx in T-row development
Our studies indicate that Scr and Ubx function early in T-row development to repress Dl expression, which allows formation of the T-row proneural fields. It will be of interest to determine whether Dl is a direct target of these Hox genes, especially since few direct Hox-gene targets have been identified to date. However, it is probable that Scr and Ubx have other functions in T-row development. Establishment of ac expression in the T-row primordia is an early and essential step of T-row development, but, while ac specifies a neural fate, it does not specify sensory organ type. Hence, it is likely that Scr and Ubx function, in conjunction with other factors, to specify ''T-row-type'' mCs. For example, since the T-row mCs are less pigmented than L-row mCs, a potential role of Scr and Ubx in T-row development is to regulate genes involved bristle pigmentation. A second potential function for these Hox genes is in controlling growth in the regions of the legs where T-rows are formed. In T1 legs, for example, the region between L-rows 7 and 8, in which the T-rows are found, is larger than the corresponding region on T2 legs, implying that there is additional growth in this domain. Inconsistent with this hypothesis, however, is the observation that posterior compartment clones lacking Ubx function in the T3 basitarsus did not have a significant effect on basitarsal width (Stern, 2003) .
Another potential role for Scr and Ubx in patterning T-row bristles is to implement a mechanism for selection and organization of T-row mCs into transverse rows. The mechanisms through which the L-row and T-row bristles are selected and organized within their respective proneural fields are likely to differ substantially. The regular spacing of L-row mCs suggests that the L-row SOPs send inhibitory signals in all directions to establish their proper spacing. This is also suggested by the observation that in hairy mutant legs, Ac is expressed in four broad domains, similar to the broad T-row proneural fields, and the supernumerary mCs that are formed on hairy mutant legs are well spaced along the leg circumference (Orenic et al., 1993) . This would suggest that the lateral inhibitory signals are sent along both the leg circumference and P/D axis. Unlike the L-row bristles, the T-rows mCs are positioned directly adjacent to one another in straight regularly spaced transverse rows. How the T-row precursors are selected from a broad field of acexpressing cells and are arranged in tandem in straight rows is not understood. Previous studies have implicated N and EGFR signaling in formation of organized T-rows (Held, 1990; Held, 2002b) . Although our studies indicate that N-signaling is down-regulated in the T-row primordia, it is conceivable that N functions at later stages of T-row development to pattern the T-row bristles. For example, N might function to set the register and spacing of the T-rows. Also of interest is how the T-rows are aligned in tandem within the rows. It has been suggested that homophilic adhesion between mC SOPs might be involved in organizing T-row bristles (Hartenstein and Posakony, 1989; Held, 2002a) . Hence, it is plausible that Hox genes regulate expression of genes involved in adhesion, N signaling and/or EGFR signaling. Investigation of the mechanisms of T-row SOP selection and organization will provide an opportunity to uncover a potential connection between Hox gene function and morphogenesis.
Hox genes and evolution of morphological novelties
Our proposed function for Scr and Ubx in T-row patterning bears some similarity to that described for Ubx in generation of diverse trichome patterns among the T2 legs of various Drosophila species. It has been shown that late pupal expression of Ubx in the T2 femur primordia correlates with lack of trichome formation in different Drosophila species, implying that Ubx inhibits formation of these structures (Stern, 1998) . This role for Ubx, which has been termed a ''micromanaging role'' (Akam, 1998) is analogous to the function we describe for Scr and Ubx in directing formation of T-rows in specific domains of T1 and T3 legs. Hence, micromanaging functions for Hox genes in generating complex and detailed morphologies may be a general phenomenon.
Another common theme that has emerged from studies of the mechanisms through which Hox genes generate morphological diversity is that, in many cases, Hox genes function to suppress specific developmental pathways. For example, in legs, Antennapedia functions to repress expression of genes that promote antennal development (Casares and Mann, 1998; Casares and Mann, 2001) , and Ubx functions to prevent development of specific macrochaete bristles on T3 legs (Rozowski and Akam, 2002) . Furthermore, Ubx is known to act at several levels of the wing patterning hierarchy to suppress wing development in the haltere disc (Weatherbee et al., 1998) and as mentioned, Ubx functions late in leg development to suppress trichome formation. Less well understood, on the other hand, is how and whether Hox genes act positively to direct the formation of morphological novelties among homologous structures, e.g., the T-row bristles on T1 and T3 legs. As discussed earlier, further analysis of the mechanisms involved in T-row specification and morphogenesis is likely to provide insight into this question.
Experimental procedures
Fly strains, genetics and analysis of adult legs
The following fly strains were used in this study: OregonR, wg-lacZ (Kassis et al., 1992) , w; FRT82B Dl RevF10 Ser RX82 /TM6B,Tb 1 (Micchelli et al., 1997) , w; FRT82B Ubi-GFP(S65C)nls/TM6B Tb, w1; UASUbxIa1/TM3,Ser1 (Rozowski and Akam, 2002) , w; UAS-Scr M15 (Andrew et al., 1994) UASp-GFP S65C a-Tu84B (Grieder et al., 2000) , w; Gbe+ Su(H) m8 -lacZ/ TM3 Sb (Furriols and Bray, 2001) /FRT82B Ubi-GFP(S65C)nls larvae. Clones were generated by heat shocking larvae (48-96 h AEL) for 1 h at 37°C. For ectopic expression studies, leg discs were dissected from prepupae of the following genotypes: UAS-Scr M15 /+; rn-Gal4/+, UAS-UbxIa1/+;rn-Gal4/+. For visualization of T-row and L-row SOPs, legs were dissected from yw; sca-Gal4/UASp-GFP S65C a-Tu84B pupae.
For visualization of mC pattern in adult tissue, legs were dehydrated through an ethanol series (70%, 80%, 90%, 95%, 100%) and mounted in GMM (Lawrence et al., 1986) .
Immunohistochemistry and microscopy
For antibody staining, white prepupae were aged until 5-6 h after puparium formation (APF). Prepupal legs were then dissected and treated as previously described (Carroll and Whyte, 1989) . For antibody staining of pupal legs, a previously described protocol (Blair, 2000) was modified. White prepupae were aged until 21-25 h APF. and then dissected and fixed overnight at 4°C in PBS fix solution (1 part 2XPBS to 1 part 8% formaldehyde). Legs were washed at 4°C in PBS containing 0.3% Triton X-100 (PBT). The legs were then dissected from the pupal cuticle, washed overnight, blocked in PBT + 1% BSA and stored at 4°C for antibody staining. All subsequent incubations were carried out at 4°C in PBS containing 0.3% Triton X-100.
Primary antibodies used included: mouse anti-Ubx FP 3.38, 1:100 (White, 1984) , rabbit-anti-b-gal, 1:2000, (Holmgren, R., unpublished), mouse anti-Achaete, 1:10, (Skeath and Carroll, 1991) , guinea pig anti-Dl 1:2000 , mouse anti-Scr, 1:10 to 1:25, (Glicksman and Brower, 1988) and mouse anti-Dl (Qi et al., 1999) were obtained from the Developmental Studies Hybridoma Bank.
All images were collected on a Zeiss Axiovert 200M equipped with ApoTome and a digital camera. Fluorescent images were collected as Z-stacks and subjected to 3-D deconvolution or directly collected as apotomized Z-stacks.
